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MAGNETORESISTIVE ELEMENT AND 
MAGNETIC MEMORY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is based upon and claims the bene?t of 
priority from prior Japanese Patent Application No. 2006 
280620, ?led Oct. 13, 2006, the entire contents of Which are 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a magnetoresistive element 

and a magnetic memory and, for example, to a magnetoresis 
tive element and a magnetic memory Which can record infor 
mation by, e.g., supplying a current. 

2. Description of the Related Art 
MRAMs (Magnetic Random Access Memories; also 

referred to as magnetic memories hereinafter) using ferro 
magnetic materials are expected as nonvolatile memories 
ensuring nonvolatility, high-speed operation, large capacity, 
and loW poWer consumption. An MRAM has, as a storage 
element, an MT] (Magnetic Tunnel Junction) element using a 
TMR (Tunneling MagnetoResistive) effect, and stores infor 
mation in accordance With the magnetiZation state of the MT] 
element. 

In a conventional MRAM that Writes data on the basis of a 
magnetic ?eld induced by a current, the value of the current 
?oWing to the interconnection decreases along With micro 
fabrication. It is therefore dif?cult to supply a suf?cient mag 
netic ?eld induced by a current. In addition, the magnitude of 
the magnetic ?eld necessary for recording information in the 
MT] element increases along With microfabrication. Hence, 
MRAMs of the 126- to 256-Mbit generation using the mag 
netic Write scheme based on an interconnection current Will 
soon reach their theoretical limits. 

There is proposed an MRAM using a Write scheme based 
on SMT (Spin Momentum Transfer) (e.g., US. Pat. No. 
6,256,223). The SMT (to be referred to as spin injection 
hereinafter) rarely increases the current density necessary for 
magnetiZation sWitching even When the element becomes 
small. Hence, an ef?cient Write is possible. 

BRIEF SUMMARY OF THE INVENTION 

According to a ?rst aspect of the present invention, there is 
provided a magnetoresistive element comprising: 

a free layer Which contains a magnetic material and has an 
fct (face-centered tetragonal) crystal structure With a (001) 
plane oriented, the free layer having a magnetiZation Which is 
perpendicular to a ?lm plane and has a direction to be change 
able by spin-polariZed electrons; 

a ?rst nonmagnetic layer and a second nonmagnetic layer 
Which sandWich the free layer and have one of a tetragonal 
crystal structure and a cubic crystal structure; and 

a ?xed layer Which is provided on only one side of the free 
layer and on a surface of the ?rst nonmagnetic layer opposite 
to a surface With the free layer and contains a magnetic 
material, the ?xed layer having a magnetiZation Which is 
perpendicular to a ?lm plane and has a ?xed direction. 

According to a second aspect of the present invention, there 
is provided a magnetoresistive element comprising: 

a free layer Which contains a magnetic material and has an 
fct crystal structure With a (001) plane oriented, the free layer 
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2 
having a magnetiZation Which is perpendicular to a ?lm plane 
and has a direction to be changeable by spin-polarized elec 
trons; 

a ?rst nonmagnetic layer and a second nonmagnetic layer 
Which sandWich the free layer and have one of a tetragonal 
crystal structure and a cubic crystal structure; 

a ?rst ?xed layer Which is provided on a surface of the ?rst 
nonmagnetic layer opposite to a surface With the free layer 
and contains a magnetic material, the ?rst ?xed layer having 
a magnetiZation Which is perpendicular to a ?lm plane and has 
a ?xed direction; and 

a second ?xed layer Which is provided on a surface of the 
second nonmagnetic layer opposite to a surface With the free 
layer and contains a magnetic material, the second ?xed layer 
having a magnetiZation Which is perpendicular to a ?lm plane 
and has a ?xed direction, 

Wherein the ?rst nonmagnetic layer has a resistance value 
different from that of the second nonmagnetic layer. 

According to a third aspect of the present invention, there is 
provided a magnetic memory comprising a memory cell 
including: the magnetoresistive element, and a ?rst electrode 
and a second electrode Which sandWich the magnetoresistive 
element and through Which a current is supplied to the mag 
netoresistive element. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

FIG. 1 is a sectional vieW illustrating the structure of an 
MT] element 10 according to the ?rst embodiment; 

FIG. 2 is a sectional vieW illustrating a manufacturing 
method of the MT] element 10 according to the ?rst embodi 
ment; 

FIG. 3 is a sectional vieW illustrating a manufacturing 
method of the MT] element 10 folloWing FIG. 2; 

FIG. 4 is a sectional vieW illustrating the structure of an 
MT] element 10 according to the second embodiment; 

FIG. 5 is a sectional vieW illustrating the structure of an 
MT] element 10 according to the third embodiment; 

FIG. 6 is a sectional vieW illustrating the structure of an 
MT] element 10 according to the fourth embodiment; 

FIG. 7 is a sectional vieW illustrating a manufacturing 
method of the MT] element 10 according to the fourth 
embodiment; 

FIG. 8 is a graph illustrating the magnetic characteristic of 
the MT] element 10; 

FIG. 9 is a sectional vieW illustrating the structure of an 
MT] element 10 according to the ?fth embodiment; 

FIG. 10 is a sectional vieW illustrating a manufacturing 
method of the MT] element 10 according to the ?fth embodi 
ment; 

FIG. 11 is a sectional vieW illustrating the structure of an 
MT] element 10 according to the sixth embodiment; 

FIG. 12 is a sectional vieW illustrating a manufacturing 
method of the MT] element 10 according to the sixth embodi 
ment; 

FIG. 13 is a sectional vieW illustrating a manufacturing 
method of the MT] element 10 folloWing FIG. 12; 

FIG. 14 is a sectional vieW illustrating a manufacturing 
method of the MT] element 10 folloWing FIG. 13; 

FIG. 15 is a sectional vieW illustrating the structure of an 
MT] element 10 according to the seventh embodiment; 

FIG. 16 is a sectional vieW illustrating a manufacturing 
method of the MT] element 10 according to the seventh 
embodiment; 

FIG. 17 is a circuit diagram illustrating the arrangement of 
an MRAM according to the eighth embodiment; 
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FIG. 18 is a block diagram illustrating the DSL (Digital 
Subscriber Line) data path portion of a DSL modem so as to 
explain Application Example 1 of the MRAM; 

FIG. 19 is a block diagram illustrating a portable phone 
terminal so as to explain Application Example 2 of the 
MRAM; 

FIG. 20 is a plan vieW illustrating an example of an MRAM 
applied to a card (MRAM card) so as to explain Application 
Example 3 of the MRAM; 

FIG. 21 is a plan vieW illustrating a transfer apparatus to 
transfer data to an MRAM card; 

FIG. 22 is a sectional vieW illustrating the transfer appara 
tus to transfer data to an MRAM card; 

FIG. 23 is a sectional vieW illustrating a ?tting type transfer 
apparatus to transfer data to an MRAM card; and 

FIG. 24 is a sectional vieW illustrating a slide type transfer 
apparatus to transfer data to an MRAM card. 

DETAILED DESCRIPTION OF THE INVENTION 

To increase the capacity of an MRAM, it is necessary to 
microfabricate a ferromagnetic material into a cell siZe com 
plying With the degree of integration of cells. In design of, 
e.g., a l-Gbit MRAM, the cell siZe is assumed to be 100 nm or 
less. To obtain a larger capacity, the cell siZe must be smaller. 
As the cell siZe of a ferromagnetic material decreases, the 
magnetiZation direction freely changes due to the in?uence of 
thermal vibration caused by the thermal ?uctuation afteref 
fect. The in?uence of the thermal ?uctuation aftereffect Will 
be explained by using an example of single magnetic-domain 
With a uniaxial magnetic anisotropy. 

Let Ku be the magnetic anisotropy energy density, andV be 
the activation volume of a ferromagnetic material. A mag 
netic anisotropy energy U is given by UIKuV. At a given 
temperature T, atoms have a thermal vibration energy KBT. 
When the thermal vibration energy is larger than the magnetic 
anisotropy energy U, magnetiZation sWitching readily occurs. 
That is, When KuV<KBT (or KuV/KBT<l), a ferromagnetic 
cell behaves to exhibit magnetiZation that behaves like a 
paramagnetic material. A paramagnetic material cannot func 
tion as a storage element because it cannot hold magnetiZa 
tion in one direction. Hence, the minimum necessary condi 
tion is KuV/KBT>l. 
A ferromagnetic material used in a storage element needs 

to be able to hold magnetic information for several years. The 
condition KuV/KBT>l includes no time information. To 
decrease the probability of magnetiZation sWitching in, e. g., a 
l-Gbit memory cell for 10 years to 1 bit or less, KuV/KBT>60 
or more is necessary. 

The magnetic anisotropy energy U is directly proportional 
to the product of the magnetic anisotropy energy density Ku 
and the activation volume V of a ferromagnetic material. As 
the element siZe becomes small, the activation volume V of 
the element decreases. On the other hand, to store nonvolatile 
information in a ferromagnetic cell, it is necessary to satisfy 
the condition KuV/KBT>60. To do this, the magnetic anisot 
ropy energy density Ku must be raised to compensate for the 
decrease in activation volume V. When the ?lm thickness is 3 
nm, and the element siZe is 100 nm, Ku must be 1x 1 05 erg/cc 
or more. When the element siZe is 40 nm, Ku must be 6><l05 
erg/ cc or more. 

To ensure the magnetic anisotropy energy in an MRAM, 
tWo methods have been examined: a method using a shape 
magnetic anisotropy energy and a method using a magnetoc 
rystalline anisotropy energy. The shape magnetic anisotropy 
energy is proportional to, e.g., a planar shape, ?lm thickness, 
and element Width, as is knoWn. To ensure the magnetic 
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4 
anisotropy energy by using a shape magnetic anisotropy in an 
element siZe of 40 nm or less, it is necessary to design an 
elongated planar shape or a thick element ?lm. 

To ensure the magnetic anisotropy energy based on only 
the planar shape While ?xing the ?lm thickness to 3 nm, the 
aspect ratio must be 3 or more, resulting in dif?culty in 
increasing the capacity. To ensure the magnetic anisotropy 
energy by thickening the ?lm While ?xing the planar shape to 
an ellipse With an aspect ratio of 2, the ?lm thickness must be 
4 nm or more. An increase in ?lm thickness leads to an 
increase in spin injection current. It is therefore dif?cult to use 
a shape magnetic anisotropy to compensate for the magnetic 
anisotropy energy in a small ferromagnetic cell With a siZe of 
several ten nm or less. 

Consider a case Wherein the magnetic anisotropy energy is 
ensured by using a magnetocrystalline anisotropy energy. A 
magnetocrystalline anisotropy is generated from crystal sym 
metry. Some ferromagnetic materials do not have a uniaxial 
anisotropy, but have an anisotropy in a plurality of axes 
depending on the crystal structure. To impart binary informa 
tion into a ferromagnetic material, tWo magnetiZation direc 
tions, i.e., 0° direction (assumed to be “I”) and 180° direction 
(assumed to be “0”) are preferably obtained in a stable state. 
HoWever, if there are tWo or more directions of magnetocrys 
talline anisotropy, tWo or more stable states can be obtained. 

For example, a ferromagnetic material having a magnetic 
anisotropy in the X andY directions can direct its N-pole in 
four directions, i.e., +X, +Y, —X, and —Y directions in a stable 
state. Magnetization sWitching preferably occurs in only tWo 
directions, i.e., +X and —X directions upon spin injection. 
Hence, the +Y and —Y directions must not exist. HoWever, 
since the N-pole can be directed in the +Y and —Y directions, 
the magnetiZation may be ?xed in the +Y or —Y direction due 
to some fault during magnetiZation sWitching. It is conse 
quently impossible to accurately store “ l ” or “0” information. 

That is, to use a magnetocrystalline anisotropy for the 
magnetic anisotropy energy, a material having a uniaxial 
magnetic anisotropy must be used. Assume that a uniaxial 
magnetic anisotropy is used in an in-plane magnetiZation 
structure. If a CoCr alloy used in, e.g., a hard disk medium is 
used as a material With a high magnetocrystalline anisotropy 
energy density, the crystal axes are greatly dispersed in a 
plane. This induces a decrease in MR (Magnetic Resistance) 
and incoherent precession, resulting in an increase in the spin 
injection sWitching current. 

If the crystal axes are directed in the perpendicular direc 
tion, they are aligned along only the Z-axis. This suppresses 
dispersion of crystal axes. The folloWing methods are avail 
able to direct the crystal axes in the Z direction. Films made of 
different materials are stacked, and an anisotropy induced in 
the interfaces of the stacked ?lms is used. A hexagonal struc 
ture is groWn in the [001] direction With respect to the ?lm 
plane, and a magnetocrystalline anisotropy induced from 
crystal symmetry is used. The siZe of the crystal lattice is 
changed betWeen the in-plane direction and the perpendicular 
direction. Alternatively, magnetostriction is used. 
Of materials having a perpendicular magnetic anisotropy, 

an example of a material With a high magnetocrystalline 
anisotropy is an L l O FePt ordered alloy. The FePt thin ?lm has 
a magnetocrystalline anisotropy energy in order of l 07 to 108 
erg/cc. If the magnetocrystalline anisotropy is 4><l07 erg/cc, 
the siZe of an MT] element can be reduced to several nm. 
A giant TMR effect of more than 1000% is predicted 

theoretically by a ?rst-principles calculation regarding an 
epitaxial MT] element of Fe(00l)/MgO(00l)/Fe(00l) using 
single-crystal magnesium oxide (MgO) in a tunnel barrier 
layer. Note that the left side of “/” indicates an upper layer, 
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and the right side indicates a lower layer. An MT] element 
With a high MR is expected to obtain a high spin polarizabil 
ity. According to SlonceWski’s equation, Which analytically 
solves the behavior of spin injection magnetization sWitch 
ing, the spin injection magnetization sWitching current 
decreases along With an increase in spin polarizability. For 
this reason, When MgO is used for the tunnel barrier layer of 
an MT] element, the current of the MRAM is expected to be 
small. 
When MgO crystallized in the [001] direction and Fe, Pt, 

and Fe crystallized in the [001] direction are sequentially 
stacked in monolayers, FePt having a perpendicular magnetic 
anisotropy can be prepared. This structure can ensure a highly 
e?icient spin injection torque and a high thermal stability and 
is therefore expected to be applicable to a large-capacity 
memory cell to be driven at loW poWer consumption. 

Formation of an FePt thin ?lm by a vapor quenching 
method such as sputtering is done Without passing through a 
thermodynamic disorder-order transformation point in the 
solid phase. For this reason, a metastable fcc (face-centered 
cubit) disordered phase (A1 phase) is formed immediately 
after ?lm formation. To transform the metastable A1 phase to 
an LlO ordered structure, lattice diffusion of atoms is neces 
sary. For this, annealing at about 600° C., i.e., 1/2 the melting 
point of an FePt alloy must be executed. 

HoWever, since a ferromagnetic cell has a MOS transistor 
formed on an FEOL (Front End Of Line) interconnection, it is 
very dif?cult to perform such high temperature annealing 
from the vieWpoint of damage to the MOS transistor and 
damage to the FEOL interconnection. It is therefore neces 
sary to transform the A1 phase to an LlO ordered structure by 
annealing at a loW temperature. 

The disorder-order transformation requires interdiffusion 
betWeen Fe and Pt. In addition, since an FePt ordered alloy 
has an fct (face-centered tetragonal) structure and contracts in 
the C-axis direction, the elastic energy involved in contrac 
tion in the C-axis direction must be overcome at the time of 
transformation. More speci?cally, to loWer the disorder-order 
transformation temperature, a method that reduces the acti 
vation energy in interdiffusion betWeen Fe and Pt or reduces 
the elastic energy generated betWeen Fe and Pt is required. 

The embodiments of the present invention based on the 
above-described ?ndings Will be described beloW With refer 
ence to the accompanying draWing. The same reference 
numerals denote elements With the same functions and struc 
tures, and a repetitive description thereof Will be given only if 
necessary. 

First Embodiment 

FIG. 1 is a sectional vieW illustrating the structure of an 
MT] element 10 according to the ?rst embodiment. ArroWs in 
FIG. 1 indicate magnetization directions. In this embodiment, 
the MT] element 10 having a single pinned layer structure 
(i.e., a structure that arranges a free layer and a pinned layer 
on both sides of a nonmagnetic layer) Will be described. 

The MT] element 10 has a layered structure formed by 
sequentially stacking a crystal orientation underlayer 15, 
?xed layer (also referred to as a magnetization ?xed layer or 
pinned layer) 11, tunnel barrier layer (nonmagnetic layer) 13, 
recording layer (also referred to as a magnetization free layer 
or free layer) 12, and cap layer 14. The layered structure may 
have a reversed stacking order. A loWer electrode 16 is pro 
vided on the loWer surface of the crystal orientation under 
layer 15. An upper electrode 17 is provided on the upper 
surface of the cap layer 14. 
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6 
The ?xed layer 11 has a ?xed magnetization (or spin) 

direction. The magnetization direction of the recording layer 
12 changes (sWitches). The directions of easy magnetization 
of the ?xed layer 11 and recording layer 12 are perpendicular 
to the ?lm plane (or stacking plane) (this magnetization Will 
be referred to as perpendicular magnetization hereinafter). 
That is, the MT] element 10 is a so-called perpendicular 
magnetic MT] element in Which the magnetization directions 
of the ?xed layer 11 and recording layer 12 are perpendicular 
to the ?lm plane. 
A direction of easy magnetization is a direction that mini 

mizes the internal energy of a ferromagnetic material With a 
macroscopic size When spontaneous magnetization Without 
an external magnetic ?eld is directed in such direction. A 
direction of hard magnetization is a direction that maximizes 
the internal energy of a ferromagnetic material With a mac 
roscopic size When spontaneous magnetization Without an 
external magnetic ?eld is directed in such direction. 
When a magnetic layer With a large sWitching current is 

used as the ?xed layer 11, and a magnetic layer With a sWitch 
ing current smaller than that of the ?xed layer 11 is used as the 
recording layer 12, a high-performance MT] element 10 can 
be obtained. When magnetization sWitching is caused by 
spin-polarized electrons, the sWitching current is propor 
tional to the saturation magnetization, anisotropy magnetic 
?eld, and activation volume. By appropriately adjusting these 
factors, a difference can be generated betWeen the sWitching 
current of the recording layer 12 and that of the ?xed layer 11. 
As the recording layer 12 and ?xed layer 11 to implement 

perpendicular magnetization, a magnetic material having an 
LlO structure or L1 2 structure based on an fct (face-centered 
tetragonal) structure With the (001) plane oriented is used. A 
magnetic material having a high magnetocrystalline anisot 
ropy energy density of, e.g., 5><l05 erg/cc or more is prefer 
able. 

Detailed examples of the magnetic material of the record 
ing layer 12 and ?xed layer 11 are an ordered alloy having an 
LlO crystal structure and containing at least one element of Fe 
(iron), Co (cobalt), Ni (nickel), Mn (manganese), and Cr 
(chromium), and at least one element of Pt (platinum), Pd 
(palladium), Rh (rhodium), Au (gold), Hg (mercury), and Al 
(aluminum). 
Examples of the ordered alloy are FeSOPtSO, FeSOPdSO, 

cosoptsos cosopdsos Fe30Ni20Pt50: CO30Fe20Pt50, 
Co3ONi2OPt5O, Mn5OAl5O, and FeSONiSO. The composition 
ratios of these ordered alloys are merely examples and are 
therefore not limiting. The magnetic anisotropy energy den 
sity and saturation magnetization can be loWered by adding 
an impurity element such as Cu (copper), Zn (zinc), Ag (sil 
ver), Ni (nickel), Co (cobalt), Fe (iron), Mn (manganese), Cr 
(chromium), V (vanadium), Ti (titanium), or Os (osmium), an 
alloy thereof, or an insulating materiel to the ordered alloys. 
An L1 2 ordered alloy prepared by adjusting the composition 
ratio is also usable. 
When an FeSOPt5O layer having a thickness of, e.g., 4 nm is 

used as the recording layer 12 and an FeSOPt5O layer is used 
also as the ?xed layer 11, the magnetization sWitching current 
of the ?xed layer 11 must be larger than that of the recording 
layer 12. To do this, the ?xed layer 11 must be thicker than the 
recording layer 12. For example, a 10- to 20-nm thick layer 
can be used as the ?xed layer 11 Whose magnetization direc 
tion does not sWitch upon Writing information. 
The ?xed layer 11 needs to satisfy one or more of the 

folloWing conditions: the anisotropy magnetic ?eld is larger 
than that of the recording layer 12, the saturation magnetiza 
tion is larger than that of the recording layer 12, the thickness 
is larger than that of the recording layer 12, and the dumping 
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constant is larger than that of the recording layer 12. Except 
for FeSOPtSO, an LlO crystal material or Ll2 crystal material 
thicker than the recording layer 12 may be used. The folloW 
ing magnetic materials (1) to (3) are also usable for the ?xed 
layer 11. 

(l) Disordered Alloys 
Alloys containing Co (cobalt) as the main component and 

at least one element of Cr (chromium), Ta (tantalum), Nb 
(niobium), V (vanadium), W (tungsten), Hf (hafnium), Ti 
(titanium), Zr (Zirconium), Pt (platinum), Pd (palladium), Fe 
(iron), and Ni (nickel). Examples are a CoCr alloy, CoPt alloy, 
CoCrTa alloy, CoCrPt alloy, CoCrPtTa alloy, and CoCrNb 
alloy. These alloys can adjust the magnetic anisotropy energy 
density and saturation magnetiZation by increasing the ratio 
of a nonmagnetic element. 

(2) Arti?cial Lattices 
A layered ?lm formed by alternately stacking an alloy 

containing at least one element of Fe (iron), Co (cobalt), and 
Ni (nickel) and an alloy containing at least one element of Cr 
(chromium), Pt (platinum), Pd (palladium), Ir (iridium), Rh 
(rhodium), Ru (ruthenium), Os (osmium), Re (rhenium), Au 
(gold), and Cu (copper). Examples are a Co/Pt arti?cial lat 
tice, Co/Pd arti?cial lattice, CoCr/Pt arti?cial lattice, Co/Ru 
arti?cial lattice, Co/Os arti?cial lattice, Co/Au arti?cial lat 
tice, and Ni/Cu arti?cial lattice. These arti?cial lattices can 
adjust the magnetic anisotropy energy density and saturation 
magnetiZation by adjusting the amount of doping of an ele 
ment in the magnetic layer and the ?lm thickness ratio of the 
magnetic layer and nonmagnetic layer. 

(3) Ferrimagnetic Materials 
Ferrimagnetic materials made of alloys of rare-earth met 

als and transition metals. An example is an amorphous alloy 
containing at least one element of Tb (terbium), Dy (dyspro 
sium), and Gd (gadolinium), and at least one of transition 
metals. Examples are TbFe, TbCo, TbFeCo, DyTbFeCo, and 
GdTbCo. These alloys can adjust the magnetic anisotropy 
energy density and saturation magnetiZation by adjusting the 
composition ratio. 
As the tunnel barrier layer 13 and cap layer 14, a nonmag 

netic material having a tetragonal or cubic crystal structure is 
used. As the tunnel barrier layer 13, an oxide containing at 
least one element of Li (lithium), Be (beryllium), Na (so 
dium), Mg (magnesium), Nb (niobium), Ti (titanium), V (va 
nadium), Ta (tantalum), and Ba (barium), or a nitride contain 
ing at least one element of Ti (titanium) and V (vanadium) is 
used. 

The folloWing nonmagnetic materials (1) to (6) are usable 
for the cap layer 14. 

(1)An oxide containing at least one element of Li (lithium), 
Be (beryllium), Na (sodium), Mg (magnesium), Nb (nio 
bium), Ti (titanium), V (vanadium), Ta (tantalum), and Ba 
(barium) 

(2) A nitride containing at least one element of Ti (titanium) 
and V (vanadium) 

(3) A carbide containing V (vanadium) 
(4) A hydride containing at least one element of Li 

(lithium) and Pd (palladium) 
(5) A selenide containing at least one element of Zr (Zirco 

nium) and Ho (holmium) 
(6) A metal or intermetallic compound containing at least 

one element of Al (aluminum), Au (gold), As (arsenic), Ag 
(silver), Be (beryllium), Ga (gallium), P (phosphorus), Pt 
(platinum), Pd (palladium), Ir (iridium), Rh (rhodium), Cu 
(copper), V (vanadium), Cr (chromium), Nb (niobium), Mo 
(molybdenum), Ta (tantalum), and W (tungsten) 
The underlayer 15 is provided to control the crystal orien 

tation or crystallinity of the layer on the underlayer 15. To 
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8 
make the ?xed layer 11 exhibit a perpendicular magnetic 
anisotropy, it must have an fct structure With the (001) plane 
oriented. For this purpose, a several-nm thick MgO (magne 
sium oxide) layer is used as the underlayer 15. In addition, an 
element or a compound having an fcc structure or bcc (body 
centered cubic) structure With a lattice constant of about 2.8 
A, 4 A, or 5.6 A, and for example, Pt (platinum), Pd (palla 
dium), Ag (silver), Au (gold), Al (aluminum), Cr (chromium), 
or an alloy containing them as the main component is usable 
as the underlayer 15. The loWer electrode 16 and upper elec 
trode 17 use, e.g., Ta (tantalum). 

In the MT] element 10 having the above-described struc 
ture, information is Written in the folloWing Way. First, the 
MT] element 10 is energiZed to How a current in both direc 
tions perpendicular to the ?lm plane (or stacking plane). 
When electrons are supplied from the side of the ?xed layer 

11 (i.e., electrons move from the ?xed layer 11 to the record 
ing layer 12), electrons spin-polarized in the same direction as 
the magnetiZation of the ?xed layer 11 are injected into the 
recording layer 12. In this case, the magnetiZation of the 
recording layer 12 is aligned in the same direction as the 
magnetiZation of the ?xed layer 11 so that the magnetiZations 
of the ?xed layer 11 and recording layer 12 have a parallel 
alignment. In this parallel alignment, the resistance value of 
the MT] element 10 is minimum. This state is de?ned as data 
“0”. 
When electrons are supplied from the side of the recording 

layer 12 (i.e., electrons move from the recording layer 12 to 
the ?xed layer 11), electrons re?ected by the ?xed layer 11 
and spin-polariZed in a direction reverse to the magnetiZation 
of the ?xed layer 11 are injected into the recording layer 12. 
In this case, the magnetization of the recording layer 12 is 
aligned in the direction reverse to the magnetiZation of the 
?xed layer 11 so that the magnetiZations of the ?xed layer 11 
and recording layer 12 have an antiparallel alignment. In this 
antiparallel alignment, the resistance value of the MT] ele 
ment 10 is maximum. This state is de?ned as data “1”. 

Data is read out by supplying a read current to the MT] 
element 10. The read current is set to a value smaller than the 
Write current. The resistance value of the MT] element 10 
changes depending on Whether the magnetiZations of the 
?xed layer 11 and recording layer 12 have a parallel align 
ment or an antiparallel alignment due to the TMR effect. The 
change in resistance value is read out on the basis of the read 
current. 

An example manufacturing method of the MT] element 10 
Will be described next. When an FePt layer serving as the 
recording layer 12 is formed at room temperature, the FePt 
alloy has a disordered phase. To obtain an FePt ordered alloy, 
?lm formation at a high temperature of about 3000 C. is 
necessary. Alternatively, When Fe and Pt layers are sequen 
tially formed and heated to about 4000 C., the FePt alloy can 
change to an ordered alloy. To make the recording layer 12 
exhibit a perpendicular magnetic anisotropy, it must have an 
fct structure With the (001) plane oriented. The recording 
layer 12 With the (001) plane oriented can be formed by using 
the MgO tunnel barrier layer 13 With the (001) plane oriented. 

First, as shoWn in FIG. 2, the loWer electrode 16 (e.g., a Ta 
layer With a thickness of about 100 nm) and the underlayer 15 
are sequentially formed on a substrate (not shoWn). For 
example, an FePt layer With a thickness of about 10 nm is 
formed on the underlayer 15 as the ?xed layer 11 so that it has 
the (001) plane oriented. Ordering of the ?xed layer 11 is 
possible by forming the FePt alloy layer at a high tempera 
ture. Alternatively, When Fe and Pt layers are sequentially 
formed, and the layered ?lm is heated, the ?xed layer 11 can 
change to an ordered structure. 




















